Unconventional Magnetic and Resistive Hysteresis in an Iodine-Bonded Molecular Conductor. by Kawaguchi, Genta et al.
Title Unconventional Magnetic and Resistive Hysteresis in anIodine-Bonded Molecular Conductor.
Author(s)
Kawaguchi, Genta; Maesato, Mitsuhiko; Komatsu, Tokutaro;
Kitagawa, Hiroshi; Imakubo, Tatsuro; Kiswandhi, Andhika;
Graf, David; Brooks, James S




This is the peer reviewed version of the following article:
Kawaguchi, G., Maesato, M., Komatsu, T., Kitagawa, H.,
Imakubo, T., Kiswandhi, A., Graf, D. and Brooks, J. S. (2015),
Unconventional Magnetic and Resistive Hysteresis in an
Iodine-Bonded Molecular Conductor. Angew. Chem. Int. Ed.,
54: 10169‒10172, which has been published in final form at
http://dx.doi.org/10.1002/anie.201503824. This article may be
used for non-commercial purposes in accordance with Wiley
Terms and Conditions for Self-Archiving.; The full-text file
will be made open to the public on 14 JUL 2016 in accordance
with publisher's 'Terms and Conditions for Self-Archiving'.;











Unconventional Magnetic and Resistive Hysteresis in an Iodine-
Bonded Molecular Conductor** 
Genta Kawaguchi,a Mitsuhiko Maesato,*,a Tokutaro Komatsu,a Hiroshi Kitagawa,a,b Tatsuro Imakubo,c 
Andhika Kiswandhi,d,e David Graf,d and James S. Brooksd  
In memory of James S. Brooks 
Abstract: Simultaneous manipulation of both spin and charge is a 
crucial issue in magnetic conductors. We report on a strong 
correlation between magnetism and conductivity in the iodine-
bonded molecular conductor (DIETSe)2FeBr2Cl2 [DIETSe = 
diiodo(ethylenedithio)tetraselenafulvalene], which is the first 
molecular conductor showing a large hysteresis in both magnetic 
moment and magnetoresistance associated with a spin-flop 
transition. Utilizing a mixed-anion approach and iodine bonding 
interactions, we tailored a molecular conductor with random 
exchange interactions exhibiting unforeseen physical properties. 
The discovery of giant magnetoresistance (GMR) in 
alternating ferromagnetic and nonmagnetic metal layers[1] has 
opened the door of spintronics.[2] Compared to the top down 
approach in inorganics, molecular materials have advantages in 
bottom up and low cost fabrication as well as diverse material 
design. Although molecular materials normally show weak 
interactions, when competing interactions are delicately 
balanced, small perturbations can give rise to a giant 
response.[3] Some –d hybrid molecular conductors indeed show 
interesting spin–charge-coupled phenomena,[4] such as GMR[4a] 
and field-induced superconductivity.[4b] 
Multi-instability or switching function is also an important issue 
in magnetic conductors. Quasi-one-dimensional (Q1D) –d 
conductors[5–8] are good candidates having such properties 
because Q1D metals are susceptible to external stimuli due to 
low-dimensional instability. Recently, we found spin-flop 
switching and memory in (DIETSe)2FeCl4, where DIETSe 
denotes diiodo(ethylenedithio)tetraselenafulvalene (Figure 1a).[7] 
However, the hysteresis was only observed in resistance. 
To introduce large hysteresis in both magnetism and 
conductivity, we propose to use a mixed-anion material, in which 
magnetic anions are mixed in a radical cation salt to induce 
random exchange interaction. 
Herein we report on the discovery of large hysteresis in both 
magnetism and magnetoresistance (MR) associated with a spin-
flop transition in a mixed-anion –d conductor 
(DIETSe)2FeBr2Cl2 (1). In contrast to inorganics, molecular 
materials have difficulties in alloying or chemical doping, while 
maintaining its crystal structure. It is because of weak 
intermolecular interactions, such as van der Waals interaction. 
By using iodine bonds,[6,9] however, we succeeded in fabricating 
the isostructural mixed-anion salts. This method allowed us to 
fine-tune –d interactions and low-dimensional instability of 



















Figure 1. a) Molecular structure of DIETSe. b) Anions in a crystal of 1. c) 
Crystal structure of 1 viewed along the a-axis. C, I, Se, S, Fe, Br, and Cl atoms 
are shown in gray, violet, pink, yellow, brown, red, and green, respectively, by 
a thermal ellipsoid model (50% probability). The site occupancy factors of Br 
and Cl are 0.5. Red lines show iodine bonds. d) Short contacts due to iodine 
bonds. e) Fermi surfaces of 1 in the kc–ka plane. 
  The DIETSe molecule was synthesized as described in the 
literature.[10] Single crystals of 1 and (DIETSe)2GaBr2Cl2 (2) were 
prepared by an electrolytic method using supporting electrolytes 
of equimolar TBA-MBr4 and TBA-MCl4 [TBA = tetra-n-
butylammonium; M = Fe, Ga]. The Br/Cl ratio was confirmed to 
be the same with synthetic ratio from energy-dispersive X-ray 
(EDX) analysis (Table S1 in the Supporting Information (SI)). We 
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note that, as shown in Figure 1b, several halogen-mixed anion 
species MBrxCl4–x
– [M = Fe, Ga; x = 0, 1, 2, 3, 4] with majority of 
averaged-formula species are considered to coexist in a crystal 
with random orientation because such coexistence has been 
observed in GaCl4
–/GaBr4
– mixture solution by the 71Ga nuclear 
magnetic resonance (NMR) study.[11] 
The crystal structures of 1 and 2 are isostructural to the 
pristine (DIETSe)2MX4 [M = Fe, Ga; X = Br, Cl] (Figures 1c, S1, 
S2).[6,12] DIETSe molecules uniformly stack parallel to the a-axis 
in a head-to-tail manner, giving rise to the highest conductivity 
along the a-axis direction. Figure 1d shows short I···X [X = Br, 
Cl] contacts between DIETSe and anion, which are shorter than 
the sum of the van der Waals radii: I···Cl = 3.73 Å, I···Br = 3.83 
Å, indicating that the iodine bonds play an important role in 
stabilizing the structure.[6,9] The MBr2Cl2 [M = Fe, Ga] salts have 
nearly the same lattice parameters (Table S2). The Ga3+ ion is 
nonmagnetic (S = 0), while the Fe3+ ion has localized d-spins (S 
= 5/2). Therefore, 2 is a good reference with which to extract the 
nature of itinerant -electrons. The band structures and Fermi 
surfaces of 1 and 2 were calculated based on the density-











Figure 2. a) Electrical resistivity along the b-axis of the FeCl4 salt, 1, and 
FeBr4 salt, normalized by the value at 300 K. For clarity, the values of the 
FeCl4 and FeBr4 salts are multiplied by 2 and 0.6, respectively. Broken and 
solid arrows show SDW and AF transitions, respectively. b) Magnetic 
susceptibility of 1 at 0.5 T along the a- (filled triangles), b- (open circles), and 
c-axes (filled squares). 
The temperature dependent resistivities of 1 and the pristine 
FeX4 [X = Br, Cl] salts are shown in Figure 2a. As shown by 
dashed arrows, the FeCl4 salt and 1 undergo a metal–insulator 
(M–I) transition at 11 and 8 K, respectively. The similar M–I 
transition occurs in the GaCl4 salt and 2 at 12 and 9 K, 
respectively (Figure S3). These are attributed to a spin-density-
wave (SDW) transition from nesting instability of the Q1D Fermi 
surfaces. The previous 77Se NMR study has confirmed an 
incommensurate SDW formation in the GaCl4 salt.
[13] In contrast, 
the GaBr4 salt is metallic down to 1.9 K (Figure S3). These 
results indicate Br substitution suppresses the SDW transition to 
lower temperatures owing to an increase in the warping of Fermi 
surfaces. Besides the SDW transition, an additional steep 
increase in the resistivity, which is absent in the nonmagnetic Ga 
salts, appears at 2.5, 4, and 7 K in the FeCl4 salt, 1, and FeBr4 
salt, respectively (solid arrows). These anomalies correspond to 
antiferromagnetic (AF) transitions of d-spins, as discussed 
below.[6,7] The Néel temperature TN increases with Br content, 
indicating systematic control of –d interactions by anion mixing.  
Figures 2b and S4 show the temperature dependence of the 
magnetic susceptibility  of 1 along each crystallographic axis. 
Above 20 K,  is well fitted by the Curie–Weiss law with Curie 
constant C = 4.5 emu K/mol and Weiss temperature  = –14 K 
(Figure S4). Below 4 K,  decreases with lowering temperature 
in an anisotropic nature, indicating long-range AF ordering with a 
magnetic easy axis along the b-axis. Since the value of TN = 4 K 
agrees well with the resistivity anomaly (Figure 2a), the steep 
increase in resistance at TN implies an AF ordering-induced 
charge gap. Assuming that the up- and down-spins of Fe3+ 
alternately order along the a-axis by an AF transition, 2kF (= /a) 
periodic modulation of the local moments appears, which can 
induce charge gap opening via strong –d interactions. 
To explore the magnetic-field effects on the electronic states, 
we employed a magnetic torque technique (details in SI). Figure 
3a shows the magnetic torque  divided by the field strength up 
to 35 T along the b-axis. Below 2 K, a sharp increase in /H 
appears around 2 T, attributed to spin-flop transitions of d-spins. 
Anomalies are also observed around 7 T below TN, indicating AF 
boundaries, which are plotted as filled diamonds in temperature–
magnetic field (T–H) phase diagram (Figure 4). In addition, /H 
shows a maximum above 15 T, and with increasing temperature, 
it shifts to higher fields, suggesting the saturation field HFM (filled 
squares in Figure 4). This is also supported by the 
magnetization M measured at 2 K using a superconducting 
quantum interference device (SQUID) magnetometer: the linear 
extrapolation of M reaches 5 B at about 13 T, which is 
comparable to HFM (15 T) (Figure 3a). The obtained HFM is 
almost intermediate between that of the FeCl4 (6 T)
[7] and FeBr4 
salts (22 T; also see Figure S5).[8] A wide gap is observed 
between the AF boundary and saturation field in 1. This 
indicates no long-range order but a short-range order or 
fluctuations in the intermediate paramagnetic (PM) region, which 
is pronounced by anion mixing.  
We discovered unconventional magnetic hysteresis at very 
low temperatures (< 1 K) by SQUID with a 3He cryostat. Figure 
3b displays a clear large hysteresis in magnetization M at 0.5 K, 
associated with a spin-flop transition (also see Figure S6). We 
also observed a similar hysteresis in magnetic torque at 0.3 K 
(Figure S5). The down-sweep magnetization, Mdown, is 
significantly larger than the up-sweep one, Mup (Figure 3b). The 
field-induced state is found to be metastable, and the hysteresis 
disappears on subsequent heating. Figure 3c shows the 
temperature dependence of M at 1 T for the zero field cooled 
(ZFC) (open squares) and Mdown (filled squares) after the field 
sweep at 0.5 K, whose initial points are equivalent to the 
emphasized squares in Figure 3b (also see SI). Mdown decreases 
with increasing temperature and follows ZFC above 1.3 K, which 
is well reproduced by two different samples (Figure S7). These 
results indicate the hysteresis emerges only below 1.3 K.  
Remarkably, the anomalous hysteresis also appears in the 
resistivity. Figure 5 shows MR of 1 under the magnetic field 
along the b-axis. Below TN (4 K), the MR shows large anomalies 
with hysteresis, in sharp contrast to the monotonic MR in 2 
(Figure S8). The former clearly demonstrates significant –d 
interactions between itinerant -electrons and AF d-spins. The 
dip structure in MR at 1.4 T and 2 K is attributed to a spin-flop 
transition of d-spins, which is confirmed by magnetic torque and 
magnetization (Figure S9). Furthermore, below 1.3 K the dip 





position shifts to higher and lower fields for up- and down-
sweeps, respectively, as indicated by the broken arrows in 
Figure 5 and filled (up-) and open (down-sweep) triangles in T–H 
phase diagram (Figure 4). The shaded region in Figure 4 is in 
good accordance with the magnetic hysteresis. In fact, the low-
temperature hysteretic behaviors of MR, magnetization, and 
magnetic torque are well correlated (Figure S10). At higher 
magnetic fields, a negative MR is observed. As denoted by filled 
(up-) and open (down-sweep) circles in T–H phase diagram 
(Figure 4), the broad minimum in MR around 6 T corresponds to 






















Figure 3. Magnetic torque and magnetization of 1 under magnetic field along 
the b-axis. a) Magnetic field dependence of torque divided by magnetic field, 
/H (left axis) and extrapolated magnetization (right axis). b) Magnetic field 
dependence of magnetization M at 0.5 K. Solid and dotted curves indicate M 
for up- and down-sweeps, respectively. c) Temperature dependence of M at 1 
T. Open and filled squares denote ZFC and Mdown, heating after field sweeping 
up to 5 T, respectively. Enlarged open and filled squares in Figure 3b 











Figure 4. Temperature–magnetic field phase diagram of 1. AF: 
antiferromagnetic, CAF: canted AF, PM: paramagnetic, FM: ferromagnetic. 
Filled diamonds show magnetic torque minimum. Filled squares represent 
maximum of torque (right axis). Filled and open triangles represent dip 
structures in up- and down-sweep magnetoresistance (MR, see Figure 5), 
respectively. Filled and open circles denote up- and down-sweep MR 
minimum, respectively. The shaded region shows hysteresis. 
The large hysteresis in M and the cusp in  along the a-axis at 
TN (Figure 2b) are reminiscent of weak ferromagnetism from 
spin canting.[14] However, the hysteresis is negligible near to 
zero field, in contrast to typical canted AF (CAF) systems.[15] 
Instead, M shows a large hysteresis around the spin-flop field 
(Figure 3b). Spin flop is a first-order transition, and therefore, 
involves hysteresis. However, the hysteresis is normally very 
small, as seen in the pristine FeX4 [X = Br, Cl] salts (Figure S5). 
On the other hand, 1 shows an extraordinarily large hysteresis 
around spin-flop field below 1.3 K. These results suggest that 
anion mixing plays a key role in the hysteresis phenomena. The 
randomly substituted halide ions (Cl or Br) induce random 
magnetic interactions. The so-called random exchange effect 
can in part account for the enhancement of the hysteresis at 
spin-flop field, as discussed for some inorganic alloys.[16] The 
less pronounced spin-flop transition in down-sweep M implies 
continuous changes in the domain ratio of coexisting AF and 
CAF phases. In contrast to a homogeneous system, a number of 
pinning centers may be present in the mixed halide system, 

















Figure 5. Magnetoresistance (MR) of 1 under the magnetic field along the b-
axis. The data for 1.3, 0.7, and 0.5 K are shifted upward for clarity. Up- and 
down-sweep MR are shown in black and gray, respectively. 
The spin and charge degrees of freedom are strongly coupled 
with each other in 1. The coexistence of AF ordering of d-spins 
and SDW of -electrons, and their interplay would be essential 
for the peculiar magnetic and transport properties. It is known 
that density waves become glassy at low temperatures.[17] We 
also note that the hysteresis is significantly pronounced only 
below 1.3 K. A synergistic effect between the glassy nature of 
SDW and the random exchange is a possible origin for the 
unconventional hysteresis. 
In conclusion, we successfully synthesized mixed-anion –d 
conductor 1 while keeping the isostructure utilizing iodine bonds. 
Compound 1 is the first example of a molecular conductor 
showing a large hysteresis associated with a spin-flop transition 
in both magnetization and conductivity via strong –d 
interactions. We also succeeded in tuning the SDW instability 
and –d interactions by anion mixing. Our results suggest that 
chemical substitution can cause systematic and drastic changes 





in the electronic states, and that iodine-bonded supramolecular 
systems can be useful to obtain strong correlations. We believe 
our study will open up the potential of novel physical phenomena 
and multifunctionality for electronics and spintronics. 
Keywords: conducting materials • magnetic properties • 
organic–inorganic hybrid composites • iodine bonds • random 
exchange interaction 
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Blend halogens: A radical cation salt 
was synthesized using halogen-mixed 
magnetic anions. The crystal structure 
is robust against random halogen 
substitution due to iodine bonds. The 
material shows unprecedented 
hysteresis in both magnetic moment 
and magnetoresistance associated 
with a spin-flop transition. 
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1. Elemental analysis by EDX techniques 
To confirm the composition of Br and Cl, EDX measurements were performed using JEOL 
JSM5510/JED2210 in the Research Center for Low Temperature and Materials Sciences, Kyoto 
University, Japan. Table S1 shows the average stoichiometry determined from the EDX data, which is 
consistent with the synthetic ratio. 
Table S1. Br/Cl ratio estimated from EDX data 























2. Crystal structure analysis of (DIETSe)2MBr2Cl2 [M = Fe, Ga] 
Single crystal X-ray diffraction data were collected using a Bruker SMART APEX II ULTRA CCD 
diffractometer employing graphite-monochromated Mo K radiation at 293 K. A single crystal of 
(DIETSe)2MBr2Cl2 [M = Fe, Ga] was mounted on a glass fiber. The crystal structures were solved using 
a direct method (SIR2011)
[S1]
 and refined on F
2
 using a full-matrix least-squares method with the 
SHELXL2013.
[S2]
 All calculations were performed using the CrystalStructure software package.
[S3]
 
Crystallographic data in CIF format have been deposited in the Cambridge Crystallographic Data Centre 
















Figure S1. Crystal structure of (DIETSe)2GaBr2Cl2 viewed along the a-axis. C, I, Se, S, Ga, Br, and Cl 
atoms are shown in gray, violet, pink, yellow, light blue, red, and green, respectively, using a thermal 




Figure S2. Asymmetric unit of (DIETSe)2GaBr2Cl2 (thermal ellipsoid, 50% probability). The FeBr2Cl2 
salt has an equivalent asymmetric unit. 
 
Specific refinement details 
As shown in Figure S2, the residual electron density map suggested two crystallographically 




) sites, which form tetrahedral anion (MBr2Cl2
–
, M = Fe, Ga) units in 
the unit cell. Considering the results of the EDX analysis (Table S1), we determined the positions of the 




) with fixed site occupancies (0.5 for each) in the refinement process. The 





3. Band calculations 





 in Materials Studio (Accelrys Software Inc.). Plane-wave basis functions with a cutoff 
energy of 330 eV were used with ultrasoft pseudopotentials.
[S6]
 The hydrogen atoms of the ethylene 
groups in the FeBr2Cl2 and GaBr2Cl2 salts were attached assuming a C–H bond distance of 1.07 Å and 
sp
3
 hybridization. The reported crystal structures
[S7]
 were used for the pristine compounds. To eliminate 
the disorder in the ethylene groups, the symmetry of the crystal was lowered from Ibam (D2h) to I2/b 
(C2h), Pbcn (D2h), Pccn (D2h), and I222 (D2). The relative energies in the case of the GaCl4 salt were 
1.8, 0.0, 4.4, and 2.0 meV, respectively. The Fermi surfaces were obtained for the lowest energy 
conformation, Pbcn. The calculated Fermi surfaces of the MCl4, MBr2Cl2, MBr4 [M = Fe, Ga] salts are 
almost identical, with a Fermi pocket whose area is 9–10% of the first Brillouin zone (FBZ). Even 
though the Fermi surfaces of the pristine salts calculated using the extended Hückel method
[S8]
 indicated 
a pocket with an area of ca. 5% of the FBZ,
[S7]
 we observed quantum oscillations in magnetoresistance 
corresponding to an area of about 10% in some of the pristine and mixed salts,
[S9]







4. Methods of physical property measurements 
The magnetic susceptibility of (DIETSe)2FeBr2Cl2 was measured using Quantum Design SQUID 
magnetometers (MPMS-XL5, MPMS-XL7) and a 
3
He gas handling system (IQUANTUM iHelium3) in 
the Research Center for Low Temperature and Materials Sciences, Kyoto University, Japan. The single 
crystals were arranged on Cu plate using a small amount of Apiezon N grease so that all the crystals 
were aligned in the same direction. The contributions of the sample holder were subtracted by blank 
experiments, except for the experiments using 
3
He. The diamagnetic susceptibility of the DIETSe 
molecule was evaluated to be –2.46  10
–4
 emu/mol, as previously reported.
[S7]
 The core diamagnetic 
susceptibility of the FeBr2Cl2
–
 anion was estimated using Pascal’s table to be –1.34  10
–4
 emu/mol. 
The electrical resistivity of the MBr2Cl2 and MX4 [M = Fe, Ga; X = Cl, Br] salts was measured along 
the least conducting b-axis using a four-probe dc method. Four gold wires (10 m in diameter) were 
attached to a single crystal with carbon paste as the electrodes. To prevent cracks forming during cooling, 
a moderate hydrostatic pressure (< 1.5 kbar) was applied to the crystal at room temperature using a 
BeCu piston–cylinder-type pressure cell. Daphne 7373 was used as the pressure medium. The pressure 
loss during cooling has been reported to be ca. 1.5 kbar.
[S10]
 We also confirmed that at low temperatures 
the pressure was almost the same as ambient pressure by monitoring the superconducting transition 
temperature of tin. The resistivity was measured down to 0.5 K using a 
3
He cryostat. The 
magnetoresistance of the MBr2Cl2 [M = Fe, Ga] salts was measured under magnetic field applied 
parallel to the b-axis. A solenoid-type superconducting magnet was used to generate magnetic fields up 
to 12 T. 
The magnetic torque of a single crystal of the FeBr2Cl2 salt was measured using a piezoresistive 
microcantilever for atomic force microscopy. Employing a Wheatstone bridge circuit, the torque 
difference between the sample and reference cantilevers was read out.
[S11]
 Strong magnetic fields up to 
35 T were applied along the b-axis using a dc resistive magnet at the National High Magnetic Field 
Laboratory (NHMFL), USA.  
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Figure S3. Electrical resistivity along the b-axis of the GaCl4, GaBr2Cl2, and GaBr4 salts, normalized by 
the value at 300 K. For clarity, the values of the GaCl4 and GaBr4 salts are multiplied by 6 and 0.5, 













Figure S4. Temperature dependence of the magnetic susceptibility of (DIETSe)2FeBr2Cl2 at 0.5 T. The 
core diamagnetic susceptibility is already subtracted. As shown by the black line, the susceptibility is 
well fitted by the Curie–Weiss law with Curie constant C = 4.5 emu K/mol and Weiss temperature  = –
14 K above 20 K. Obtained C is consistent with Fe
3+
 spins (S = 5/2, C = 4.4 emu K/mol). Negative  



















Figure S5. Magnetic field dependence of the magnetic torque of the (a) FeCl4, (b) FeBr2Cl2, and (c) 
FeBr4 salts at very low temperatures (< 1 K). The magnetic field direction is near to the easy axis for 
each salt.
[S12–14]
 Red and blue curves represent up- and down-sweep magnetic torque. Black arrows in (a) 
and inset of (c) show the saturation fields of the FeCl4 and FeBr4 salts are 6 and 22 T, respectively. The 
FeCl4 and FeBr4 salts show marked changes in torque from spin-flop transitions, accompanied by a very 
small hysteresis. In contrast, the FeBr2Cl2 salt displays an extraordinarily large hysteresis in torque 




















Figure S6. Magnetic field dependence of the magnetization of the FeBr2Cl2 salt at 0.5 K including the 
negative field range. Lower figure shows an extended region of the upper figure. Solid and dashed lines 
represent the magnetization M (left axis) and dM/dH (right axis), respectively. Line colors indicate 

















Figure S7. Temperature dependence of the magnetization for two samples (a, b) for two different 
processes: (i) ZFC (red squares) and (ii) heating from the field-induced state (blue squares). In process 
(i), the sample was first cooled to 0.5 K at 0 T, and then a field of 1 T was applied and the magnetization 
was measured at 1 T on heating. In process (ii), the sample was cooled to 0.5 K at 0 T, and then the 
magnetic field was increased to 5 T to induce a spin-flop transition. Then, the field was decreased to 1 T 
and the magnetization was measured at 1 T. Black line shows the fitting for the ZFC data. (c) Difference 
in the magnetization obtained by subtracting the fit of the ZFC data from the Mdown data for two different 
samples, indicating a good reproducibility.  
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Figure S8. MR of the nonmagnetic GaBr2Cl2 salt. Up- and down-sweep MR are colored red and blue, 


















Figure S9. Comparison of (a) MR, (b) magnetic moment M, and (c) magnetic torque , of the FeBr2Cl2 
salt at 2 K. Magnetic field was applied along the b-axis, corresponding to the magnetic easy axis. The 
inset of (b) shows an extended region of M. Dip structure in the MR at 1.4 T is confirmed to correspond 
to a spin-flop transition since the peak in the derivative of the magnetization dM/dH and a steep increase 
in  are clearly observed. MR shows hysteresis involving a change in the zero-field resistance before and 
after the spin-flop, while M and  show negligible or only a small hysteresis. These results are similar to 




















Figure S10. Comparison of (a) MR, (b) magnetic moment M, and (c) magnetic torque , of the FeBr2Cl2 
salt at 0.5, 0.5, and 0.3 K, respectively. Magnetic field was applied along the b-axis corresponding to the 
magnetic easy axis. The inset of (b) shows an extended region of M. These figures show well-correlated 
magnetic and transport behaviors with a large hysteresis at spin-flop transition. At very low temperatures, 
a clear, significant hysteresis appears in the MR but also in the M and  curves, in marked contrast to the 
very small hysteresis at 2 K (Figure S9). It should be noted that the features of the spin-flop transition 
are clear in the MR, M, and  curves in the up-sweep, while they are not clear in the down-sweep. This 
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